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In the mouse retina, at least ten distinct types of bipolar interneurons are involved in the transmission of visual signals from photoreceptors to
ganglion cells. How bipolar interneuron diversity is generated during retinal development is poorly understood. Here, we show that Irx5, a
member of the Iroquois homeobox gene family, is expressed in developing bipolar cells starting at postnatal day 5 and is localized to a subset of
cone bipolar cells in the mature mouse retina. In Irx5-deficient mice, defects were observed in the expression of some, but not all,
immunohistological markers that define mature Type 2 and Type 3 OFF cone bipolar cells, indicating a role for Irx5 in bipolar cell differentiation.
The differentiation of these two bipolar cell types has previously been shown to require the homeodomain-CVC transcription factor, Vsx1.
However, the defects observed in Irx5-deficient retinas do not coincide with a reduction of Vsx1 expression, and conversely, the expression of Irx5
in cone bipolar cells does not require the presence of a functional Vsx1 allele. These results indicate that there are at least two distinct genetic
pathways (Irx5-dependent and Vsx1-dependent) regulating the development of Type 2 and Type 3 cone bipolar cells.
D 2005 Elsevier Inc. All rights reserved.Keywords: Irx5; Homeobox gene; Ganglion cells; Cone bipolar cells; Retina; Differentiation; Vsx1Introduction
Bipolar cells play a central role in the vertebrate retinal
circuitry by mediating the vertical transmission of visual
signals from photoreceptors to ganglion cells. In the mouse,
there is only one type of ‘‘rod’’ bipolar cell that makes primary
synaptic connections with rod photoreceptor cells, whereas at
least nine morphologically distinct types of ‘‘cone’’ photore-
ceptor-contacting bipolar cells are thought to exist (Ghosh et
al., 2004) (Fig. 1). Bipolar cells can also be classified as either0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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3020, Station CSC, Victoria, BC, Canada V8W 3N5.‘‘OFF’’ (Types 1–4) or ‘‘ON’’ (Types 5–9) by virtue of the
signals they initiate in response to changes in glutamate release
by photoreceptors following increments and decrements of
light intensity (Schiller, 1992; Sharpe and Stockman, 1999;
Wassle, 1999) (Fig. 1). The initiation of OFF and ON signals
by bipolar cells is believed to play a critical role in visual
contrast sensitivity (Schiller, 1992; Schiller et al., 1986). The
distinct physiological and morphological properties of bipolar
cell types combined with evidence of their molecular hetero-
geneity (Haverkamp and Wassle, 2000; Haverkamp et al.,
2003) suggest that distinct developmental regulatory mechan-
isms underlie their formation.
During mouse retinal development, bipolar cell specification
occurs primarily in the postnatal period, with the peak of
bipolar cell birth occurring at postnatal day 3 (Young, 1985).
Previous studies have demonstrated essential roles for the287 (2005) 48 – 60
www.e
Fig. 1. Bipolar cell types in the mouse retina. The ten morphologically distinct bipolar cell types can be distinguished by their synaptic connections to rod or cone
photoreceptors and by virtue of their visual signalling as either ‘‘OFF’’ or ‘‘ON’’ types (adapted from Ghosh et al., 2004 with permission of Wiley-Liss Inc., a
subsidiary of John Wiley & Sons, Inc.). A list of the antibodies used in this study and their labeling of distinct bipolar types is shown below. ‘‘?’’—although Vsx1
colocalizes with the Type 2 subset of NKR3-positive bipolar cells, it is uncertain whether Vsx1 also colocalizes with NK3R in Type 1 cells; ‘‘*’’—Vsx1 expression in
these cells types was assigned based on h-galactosidase staining of in Vsx1-sLacZ reporter mice (Chow et al., 2004). ‘‘L’’ and ‘‘H’’ refer to the low and high levels of
Irx5 immunolabeling of Type 2 and Type 3 bipolar cells, respectively (see Results).
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Chx10 in pan-bipolar cell specification and/or maintenance
(Bone-Larson et al., 2000; Burmeister et al., 1996; Green et al.,
2003). A critical role in mouse bipolar cell specification has
also been demonstrated for the basic-loop–helix transcription
factors Mash1 and Math3, since mice deficient for bothMash1/
Math3 are also characterized by the absence of bipolar cells
(Tomita et al., 2000).
Recent work has revealed essential roles for transcription
factors in regulating the development of distinct bipolar cell
types. The basic helix–loop–helix transcription factor Bhlhb4
is expressed, almost exclusively, in developing rod bipolar cells
(Bramblett et al., 2004). In Bhlhb4-deficient mice, although the
specification and early differentiation of rod bipolar cells
occurs, a significant level of rod bipolar cell apoptosis is
evident by postnatal day 8, suggesting a role for Bhlhb4 in rod
bipolar cell survival and maturation (Bramblett et al., 2004).
Studies on the Chx10-homologue Vsx1 in mice revealed its
specific expression in at least two OFF and one ON cone bipolar
cell (Chow et al., 2001, 2004). While the specification and gross
morphogenesis of cone bipolar cells appeared normal in Vsx1-
deficient mice, the reduced expression of three Type 2 OFF cone
bipolar cell markers and one Type 3 OFF cone bipolar cell
marker demonstrated a role for Vsx1 in the late differentiation of
these cells (Chow et al., 2004; Ohtoshi et al., 2004).
The Iroquois homeobox (Irx) genes were first identified
as prepattern genes that control the expression of proneural
genes achaete–scute in Drosophila (Go´mez-Skarmeta and
Modolell, 1996; Leyns et al., 1996). They encode proteins
with a characteristic homeodomain and a highly conserved
sequence motif, the Iro box, which is unique to the family.
In Drosophila, the Iroquois gene cluster consists of three
Irx genes, araucan (ara), caupolican (caup), and mirror
(mirr), and genetic studies have revealed extensive func-
tional redundancy among these genes in embryonic pattern-ing and specification (Cavodeassi et al., 2001). In mammals,
six Irx genes exist as two clusters; the IrxA cluster contains
Irx1, Irx2, and Irx4, and IrxB cluster contains Irx3, Irx5,
and Irx6 (Go´mez-Skarmeta and Modolell, 2002). Misexpres-
sion studies have suggested similar regulatory functions for
vertebrate Irx genes in early development and organogene-
sis, including the specification of neural plate (Bellefroid et
al., 1998; Go´mez-Skarmeta and Modolell, 2002) and heart
chamber (Bao et al., 1999), and the patterning of ventral
neural tube (Briscoe et al., 2000) and midbrain–hindbrain
boundary (Itoh et al., 2002). Similar to their Drosophila
counterparts, mouse Irx genes also show extensive over-
lapping expression patterns suggesting that they possess
functionally redundant roles during development (Bosse et
al., 1997, 2000; Bruneau et al., 2001; Cohen et al., 2000;
Houweling et al., 2001; Lebel et al., 2003; Mummenhoff et
al., 2001; Peters et al., 2000). Indeed, Irx2-deficient mice
did not manifest any obvious phenotypes suggesting that
loss of Irx2 function could be compensated by other Irx
genes (Lebel et al., 2003). Also, Irx4-deficient mice exhibit
only a subtle heart phenotype although misexpression
studies in chick embryos have suggested a critical role for
Irx4 in heart chamber specification (Bruneau et al., 2001).
In the developing Drosophila eye, all three Iroquois genes
(mirr, ara, and caup) have been shown to play overlapping
regulatory functions in patterning the dorsoventral axis of the
eye primordium (Cavodeassi et al., 1999; Cho and Choi, 1998;
Dominguez and de Celis, 1998; Go´mez-Skarmeta and Mod-
olell, 1996; Leyns et al., 1996; Yang et al., 1999). In contrast to
the early patterning roles of their Drosophila counterparts in
the developing eye, all six mouse Irx genes are first expressed
in the post-mitotic retinal ganglion cell layer suggesting a later
function in retinal ganglion cell development (Bosse et al.,
2000; Bruneau et al., 2000; Cohen et al., 2000; Houweling
et al., 2001; Mummenhoff et al., 2001). A requirement for
Table 1
Primary antibodies used in this study
Antigen Antiserum Source (reference) Working
dilution
Vsx1 Rabbit anti-Vsx1 (Chow et al., 2001) 1:20
Recoverin Rabbit anti-recoverin A. Dizhoor
(Dizhoor et al., 1991)
1:500
NK3R Rabbit anti-NK3R Y.Q. Ding
(Ding et al., 1996)
1:100
CaB5 Rabbit anti-CaB5 K. Palczewski
(Haeseleer et al., 2000)
1:100
PKCa Rabbit anti-PKCa Sigma, St. Louis,
MO (Cat. #P4334)
1:20,000
Rhodopsin Mouse anti-rhodopsin G. Adamus
(Rohlich et al., 1989)
1:500
Brn-3b Goat anti-Brn3b Santa Cruz 1:200
Calbindin Mouse anti-calbindin Sigma 1:500
Cyclin D3 Rat anti-cyclin D3 Santa Cruz 1:50
HPC1 Mouse anti-HPC-1 C. J. Barnstable
(Barnstable et al., 1985)
1:500
Thy-1 Mouse anti-Thy-1 Chemicon 1;100
Kip1 Mouse anti-Kip1 Transduction Labs 1:500
Islet1/2 Mouse anti-Islet1/2 Developmental Biology
Hybridoma Bank
1:200
Chx10 Rabbit anti-Chx10 (Burmeister et al., 1996) 1:500
Neto1 Guinea pig anti-Neto1 (Chow et al., 2004) 1:125
C.W. Cheng et al. / Developmental Biology 287 (2005) 48–6050mammalian Irx genes in neural development or retinal
development has not yet been established.
Here, we show that Irx5 is expressed postnatally in
developing bipolar cells, and in the mature retina, where it isFig. 2. Expression of Irx5 RNA in the developing mouse retina. In situ hybridizatio
P14 (F) retinas. Throughout retinogenesis, Irx5 RNA (blue staining) is detected in
developing ganglion cell layer. From P5 to P14, Irx5 is also expressed in the inner n
half of the inner nuclear layer. At P7 and P14, Irx5 is detected throughout the inner nu
layer; ONL, outer nuclear layer, VZ, ventricular zone. Scale bars: panel A = 100 Apresent in a subset of cone bipolar cells. We generated Irx5-
deficient mice and observed defects in the development of Type
2 and Type 3 OFF cone bipolar cells as determined by the loss
of some but not all immunohistological markers for these cells
types, indicating a role for Irx5 in cone bipolar cell differen-
tiation. Furthermore, our observations revealed that at least two
distinct genetic pathways (Irx5-dependent and Vsx1-dependent)
are involved in the development of these cone bipolar cells.
Materials and methods
Histology and in situ hybridization
For histology and in situ hybridization experiments, tissues were fixed in
4% paraformaldehyde in phosphate buffered saline, pH 7.6 (PBS) overnight at
4-C. Paraffin sections (7 Am) were stained with hematoxylin and eosin.
Cryosections (14 Am) were subjected to in situ hybridization with digoxigenin-
dUTP labeled riboprobes (Mo et al., 1997). In situ riboprobes were as
previously described: Irx2 and Irx5 (Cohen et al., 2000), Irx4 (Bruneau et al.,
2000).
Immunostaining
Immunostaining was performed as previously described (Chow et al., 2001,
2004) with the following modifications below. The list of antibodies used and
their dilutions are in Table 1. Eyes were enucleated in ice-cold PBS (Harlow and
Lane, 1988) and fixed in 4% paraformaldehyde/PBS, pH 7.6 either at room
temperature for 20 min (for Vsx1 and Irx5 immunostaining), 30 min (for
recoverin immunostaining) or overnight at 4-C (for remaining antibodies). To
prepare frozen sections, eye cups were cryoprotected in a graded series of 10%,
20%, 30% and 50% sucrose in PBS, frozen in Tissue-Tek O.C.T. Compoundn analysis of Irx5 expression in E16.5 (A), P0 (B), P3 (C), P5 (D), P7 (E), and
the ganglion cell layer. The arrow in panel A indicates Irx5 expression in the
uclear layer. At P5, inner nuclear layer expression is most abundant in the outer
clear layer. Abbreviations: L, lens; GCL, ganglion cell layer; INL, inner nuclear
m, panels B–F = 25 Am.
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were rinsed in PBS (10 min), PBS + 1% Triton X-100 (30 min), PBS (15 min)
and blocked in 10% goat or donkey normal serum for 1 h at room temperature.
For double-immunofluorescence in which 2 rabbit primary antibodies were
used, one complete round of staining was performed with the first primary
antibody, followed by a 5-min fixation in 4% paraformaldehyde (room
temperature) and microwaving in sodium citrate (pH 6.1) at high power for
ten min (to cross-link and denature the first round antibodies) before proceeding
to the second round of antibody staining (Supplemental Fig. 1). Controls to
check for non-specific signal using this immunostaining technique included: (i)
the omission of the primary antibody during the second-round of staining, and
(ii) immunostaining on tissues of null mutant mice. For example, a control for
Irx5:Vsx1 double immunostaining was to stain retinal sections from Vsx1-null
mice in the following order: antibody 1 = rabbit anti-Irx5 and antibody 2 =
rabbit anti-Vsx1 (Supplemental Fig. 1). For Neto1 immunostaining of paraffin-
embedded sections, slides were rehydrated in xylene and a graded ethanol series
and heated in a conventional microwave in 0.5 mM EDTA, pH 8.0 for 10 min at
high power followed by 6 min at medium power before blocking as above.Fig. 3. Irx5 immunofluorescence labels Mu¨ller glia and bipolar interneurons in the m
wild-typemouse retinal sections. In the wild-type retina, brightly stained cells (Irx5high
the outer half of the inner nuclear layer. This inner nuclear layer immunostaining is abs
ganglion cell layer of the wild type retina (A, asterisk) is not specific for Irx5
Immunofluorescence observed in the outer plexiform region of wild-type mice (sma
immunostaining (C, arrowhead) and Irx5low staining (C, arrow) colocalizes in a sub
colocalizes with the Mu¨ller glia marker, Kip1 (F–H) but not with the pan-amacrin
overexposed to highlight the cell bodies of amacrine cells. In the left-hand panels (C, F
ganglion cell layer; INL—inner nuclear layer; IPL—inner plexiform layer; PR—phoSecondary antibodies were diluted 1:100 in PBS and incubated on sections for
30 min at room temperature. The following secondary antibodies were used:
Cy3-conjugated donkey anti-rabbit IgG, and goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories); AlexaFluor 488-conjugated goat anti-mouse
IgG, goat anti-rabbit IgG, and donkey anti-goat IgG (Molecular Probes). Irx5
antisera were generated against 344–441 amino acid region in the protein. The
GST and His-tag double purified protein was injected into rabbit and the serum
was affinity purified. Biotinylated peanut-agglutinin (Vector) staining was
performed with a Cy3-conjugated streptavidin (Jackson ImmunoResearch
Laboratories). Confocal microscopy was performed on a Zeiss LSM510.Gene targeting of Irx5
A genomic clone of Irx5 was isolated from a 129/Sv genomic library using
an Irx5 cDNA probe (Cohen et al., 2000). A loss-of-function mutation in Irx5
was generated in R1 ES cells (Nagy et al., 1993) by replacing part of exon 1
with a PGK-neo cassette. ES cell lines with the desired mutation wereature mouse retina. Immunofluorescence confocal microscopy on 6 month-old
) (A, large arrowhead) andweakly labeled cells (Irx5low) (A, arrow) are detected in
ent in Irx5-deficient mice (B). Immunostaining occasionally observed within the
since similar staining is also observed in the Irx5-null retina (B, asterisk).
ll arrowheads in A) is absent in Irx5-null mice (small arrowheads in B). Irx5high
set of Chx10 immunoreactive cells (C–E). Irx5low immunostaining (F, arrow)
e and horizontal marker, HPC-1 (I–K). The HPC-1 immunofluorescence was
, I), the inner nuclear layer is bounded by the dashed lines. Abbreviations: GCL—
toreceptors. Scale bar in panel K: panels A, B = 70 Am; panels C–K = 50 Am.
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performed using standard procedures (Mo et al., 1997). The following primers
were used for PCR genotyping: wild type/mutant specific 3V primer:
TAAACCTATCTTCGCAATCC, wild type specific 5V primer: ACCG-
CTTCCTCGTGCTTTAC, mutant specific 5V primer: GCCACCCAAAA-
GACTGAAACC. All analysis was done on a mixed 129/Sv and CD1
background. The Hospital for Sick Children Animal Care Committee approved
all of the research done in animals.
Results
Irx5 is expressed in Mu¨ller glia and a subset of bipolar cells in
wild type mice
To define the role of Irx5 in retinal development, we first
examined its expression pattern during embryonic and postna-
tal development. Previous studies have shown that Irx5
expression is first detected in the retina at E12.5 at the onset
of retinal neuron differentiation (Bosse et al., 2000; Cohen et
al., 2000). From E12.5 to E18.5, we also observed Irx5Fig. 4. Irx5 is expressed in a subset of cone bipolar cells. Irx5 immunostaining in r
marker PKCa (A–C). Irx5high immunofluorescence colocalizes with a subset of Ca
with a subset of Vsx1-positive cone bipolar cells (G–I, arrow), but Irx5high immuno
G–I indicates a Vsx1-positive cell that is not labeled by Irx5. A subset of Irx5low im
(J–L, arrowhead). In the left-hand panels, the inner nuclear layer is bounded by thtranscripts in the developing ganglion cell layer (Fig. 2A,
arrow; and data not shown). During postnatal development,
Irx5 transcripts were also detected in the outer half of the inner
nuclear layer (INL) beginning at P5 (Fig. 2D), and most of the
INL at P7 and P14 (Figs. 2E, F).
The identity of the retinal cell types expressing Irx5 was
determined in double-immunolabeling experiments using an
Irx5-specific antibody in combination with several retinal cell-
type specific antibodies (Fig. 3). The specificity of the Irx5
antibody was demonstrated by comparing the immunostaining
obtained with this antibody in the wild-type (Fig. 3A) and Irx5-
deficient (Fig. 3B; description of the Irx5 mutant below) retina.
Irx5-specific immunostaining was observed within the INL of
the mature (6 months old) retina and was characterized by the
presence of brightly labeled cells (herein referred to as
‘‘Irx5high’’) (Fig. 3A, large arrowhead) and weakly labeled
cells (herein referred to as ‘‘Irx5low’’) (Fig. 3A, arrow).
Although Irx5 RNA transcripts were expressed at high levels
in the ganglion cell layer and in the presumptive amacrine celletinal sections from 6-month-old mice does not colocalize with the rod bipolar
B5 stained bipolar cells (D–F, arrowhead). Irx5low immunostaining colocalizes
staining does not colocalize with Vsx1 (G–I, arrowhead). The asterisk in panel
munofluorescence was detected in OFF cone bipolar cells labeled by recoverin
e dashed lines. Scale bar in panel L = 50 Am for all panels.
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could not be detected in these cellular regions by immunostain-
ing suggesting that there is a down-regulation or post-
transcriptional regulation of Irx5 in mature ganglion and
amacrine cells. Interestingly, specific Irx5 immunostaining
could also be detected in the outer plexiform region of wild-
type, but not Irx5-deficient, retina (compare small arrowheads
in Figs. 2A and B). Both Irx5high (Figs. 3C–E, arrowhead) and
Irx5low (Figs. 3C–E, arrow) expressing cells colocalized with
the pan-bipolar and Mu¨ller glial marker Chx10 (Burmeister etFig. 5. Targeted disruption of Irx5. (A) Strategy of Irx5 gene-targeting with the par
allele. The NotI –NotI DNA fragment containing the ATG start codon is replaced wi
ES cell clones. The sizes of EcoRV fragments detected by the 5V probe in the wild
generated wild-type (564 bp) and mutant (884 bp) bands. (D) Mean body weight o
litters. Significantly lower body weight is detected in the homozygous mutants (t test
type littermates (F). Hematoxylin and eosin staining revealed comparable retinal lam
PR, photoreceptor; INL, inner nuclear layer; GC, ganglion cell layer. Scale bar in Eal., 1996; Hatakeyama et al., 2001), in a subset of Chx10-
positive cells. Colocalization of Irx5low immunostaining with
the Mu¨ller cell marker Kip1 (Dyer and Cepko, 2000) (Figs.
3F–H, arrow), but not the pan-amacrine and horizontal cell
marker HPC-1 (Barnstable et al., 1985) (Figs. 2I–K), indicated
that a subset of the Irx5-positive cells are Mu¨ller glia.
Since the population of Irx5:Chx10 double-positive cells
not labeled by Kip1 (Figs. 3C–H) are presumed to be
bipolar cells, double-immunolabeling experiments (Fig. 4)
were performed using several bipolar cell type-specifictial restriction map of the wild type locus, the targeting vector and the targeted
th PGK-neo in the targeting vector. (B) Southern blot analysis of G418 resistant
type and mutant alleles are 7.5 and 5.5 kb, respectively. (C) PCR amplification
f P21 wild-type (+/+), Irx5+/ (+/) and Irx5/ (/) mice from 8 different
, P < 0.005). Irx5/ mice (E) have smaller eye openings in comparison to wild-
inar organization in wild-type (G) and Irx5/ (H) littermates. Abbreviations:
= 25 Am for panels G, H.
Fig. 6. Normal ganglion cell formation in Irx5-deficient mice. The distribution
of Brn-3b (Xiang et al., 1995) and Thy-1 (Liu et al., 1996) (A, B), and Isl-1
(Galli-Resta et al., 1997) (C, D) immunofluorescence was comparable in the
retinas of wild type (A, C) and Irx5/ (B, D) mice. The proportion of eithe
the Brn3b or the Isl-1 immunostained cells within the ganglion cell layer was
unchanged in Irx5-null mice compared to wild-type mice (E, n = 5).
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Irx5-immunostaining did not colocalize with the rod bipolar
marker PKCa (Negishi et al., 1988) (Figs. 4A–C) indicating
that Irx5 is expressed in cone bipolar cells. All of the nuclei
exhibiting Irx5high-immunostaining co-labeled with antibo-
dies against calcium-binding protein 5 (CaB5; Figs. 4D–F,
arrowhead) which has been shown to label Type 3 OFF
cone bipolar cells, Type 5 ON cone bipolar cells and rod
bipolar cells (Ghosh et al., 2004; Haverkamp et al., 2003).
Since Irx5 was not detected in rod bipolar cells, these
Irx5high/CaB5-positive cells could therefore represent Type 5
ON cone bipolar cells and/or Type 3 OFF cone bipolar
cells. A subset of Irx5low staining cells (Figs. 4G–I, arrow)
but not Irx5high staining cells (Figs. 4G–I, arrowhead)
colocalized with Vsx1, which is expressed in at least one
ON cone bipolar and two OFF cone bipolar cell types
(Chow et al., 2001, 2004). Furthermore, a subset of Irx5low-
immunostaining also colocalized with recoverin (Figs. 4J–L,
arrowhead), a Type 2 OFF cone bipolar marker (Ghosh et
al., 2004; Haverkamp et al., 2003) that has previously been
shown to colocalize with Vsx1 (Chow et al., 2001), sug-
gesting that Irx5 is expressed in at least the Type 2 subset
of Vsx1-expressing cells. Although the Irx5low-immunostain-
ing that colocalized with Vsx1 and recoverin was consider-
ably low, we believe it represents true Irx5 immunoreactivity
since this type of staining was absent in the retinas of Irx5-
deficient mice (Fig. 3B and data not shown). In summary,
we observed Irx5 immunostaining in at least 3 cell types in
the inner nuclear layer of the mature mouse retina: (i)
Mu¨ller glia (Irx5low expression), (ii) a subset of Type 3 and/
or Type 5 CaB5-positive cone bipolar cells (Irx5high
expression), and (iii) Vsx1-positive/recoverin-positive Type
2 OFF cone bipolar cells (Irx5low expression).
Irx5-deficient mice: gross retinal development is normal
To investigate the role of Irx5 in retinogenesis, we
generated a loss-of-function Irx5 allele (Figs. 5A–C).
Heterozygous mutant mice were indistinguishable from
wild-type littermates but homozygous mutant mice were
about 25% smaller than their littermates at 3 weeks of age
in 8 different litters that were examined (t test, P < 0.005;
Fig. 5D). Inter-crosses of heterozygous mutant mice resulted
in 94 wild type, 119 heterozygous and 43 homozygous
offspring suggesting that Irx5-deficient mice have reduced
viability. Mice lacking Irx5 had smaller eyelid openings
(Figs. 5E, F), but the gross ocular morphology and retinal
histology in these mice were similar to those of wild-type
animals (Figs. 5G, H and data not shown).
To determine whether retinal development was affected by
the loss of Irx5 function, we examined the expression of
several markers of terminally differentiated retinal cell types.
Neither the formation of bipolar cells as determined by Chx10
immunostaining (Supplemental Figs. 2A, E) nor Mu¨ller glia as
determined by cyclin D3 immunostaining (Supplemental Figs.
2B, F) was affected in Irx5-deficient mice. The distribution of
PKCa-immunostaining in Irx5-deficient mice was also normal(Supplemental Figs. 2C, G), indicating that the differentiation
of rod bipolar cell types was not affected by the loss of Irx5
function. Similarly, the formation of horizontal cells, amacrine
cells, and both cone and rod photoreceptor cells was unaffected
in Irx5-deficient mice (Supplemental Figs. 2D, H–P).
Although Irx5 transcripts are expressed in the developing
ganglion cells, we found that ganglion cell specification and
differentiation were grossly normal in Irx5-deficient mice
based on Thy-1, Brn-3b (Figs. 6A, B) and Isl-1 (Figs. 6C,
D) immunostaining. The proportion of Brn3b-expressing and
Isl-1-expressing cells in the ganglion cell layer was
unaffected by the loss of Irx5 function (Fig. 6E; n = 5).
Similarly, although developing ganglion cells also express
Irx2 (Figs. 7A, B) and Irx4 (Figs. 7D, E), ganglion cell
formation was grossly normal in Irx2-deficient (Fig. 7C)
(Lebel et al., 2003) and Irx4-deficient (Fig. 7F) (Bruneau et
al., 2001) mice. These observations support the hypothesis
that Irx genes might function redundantly during retinal
ganglion cell development.
Irx5-deficient mice: cone bipolar cells defects
Irx5 is expressed in a subset of Vsx1-positive cone
bipolar cells in the mature retina and Vsx1-deficient micer
Fig. 7. Ganglion cell expression and mutant phenotype of Irx2 and Irx4. In situ hybridization showing the expression of Irx2 in the ganglion cell layer of postnatal
retinas of wild-typemice at P5 (A), and P14 (B). In the adult retina of Irx2/mice, normal Thy-1 immunostaining is observed (C). Likewise, Irx4 expression is detected
in the ganglion cell layer of postnatal retinas of wild-typemice at P5 (D), and P14 (E). The loss of Irx4 does not affect Thy-1 immunostaining (F). Abbreviations: GCL—
ganglion cell layer; INL—inner nuclear layer; IPL—inner plexiform layer; ONL—outer nuclear layer; OPL. Bar in panel F = 20 Am (C, F), 40 Am (A, B, D, E).
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bipolar cells (Chow et al., 2004; Ohtoshi et al., 2004).
Furthermore, the timing of Irx5 RNA in situ hybridization
signal in the developing inner nuclear layer region is first
evident at around P5, which coincides with the onset of
Vsx1 expression in the inner nuclear layer. We therefore
examined whether defects in OFF cone bipolar cell
differentiation, similar to those observed in Vsx1-null mice,
were also present in Irx5-null mice. A lack of CaB5
immunostaining in sublamina ‘‘a’’ of the inner plexiform
layer (Figs. 8A, B, indicated by bracket) where the axonal
termini of Type 3 OFF CB cells reside (Ghosh et al., 2004;
Haverkamp et al., 2003) was observed in Irx5-null mice. In
contrast, the CaB5 immunolabeling of Type 5 (Figs. 8A, B,
arrow) and rod bipolar cell axonal termini (Figs. 8A, B,
arrowhead) in sublamina ‘‘b’’ was unaffected in Irx5-
deficient mice. We also examined the expression of the
plasma membrane calcium ATPase isoform 1 (PMCA1),
which has been shown to colocalize with CaB5 in Type 3
OFF cone bipolar cells (Ghosh et al., 2004; Haverkamp et
al., 2003). Similar to CaB5, a specific loss of PMCA1
immunostaining was also observed in sublamina ‘‘a’’ (Figs.
8C, D, indicated by bracket), providing further evidence of
defects in the development of Type 3 OFF cone bipolar
cells in Irx5-deficient mice.
Consistent with the expression and potential role of Irx5
in Type 2 OFF cone bipolar cell development, recoverin
immunoreactivity in OFF cone bipolar cells was abolished
in the Irx5-deficient retina, with the rare exception of
weakly stained cells (Figs. 8E, F, arrow). Recoverin labeling
of photoreceptor cells was not affected in Irx5-deficientmice (Fig. 8F, arrowhead). An almost identical loss of
recoverin cone bipolar cell immunostaining was also
observed in Vsx1-deficient mice (Chow et al., 2004; Ohtoshi
et al., 2004). In Vsx1-deficient mice, the immunostaining of
two additional Type 2 OFF cone bipolar markers, NK3R
(which is also expressed in Type 1 OFF cone bipolar cells,
(Haverkamp et al., 2003) and Neto1 (Chow et al., 2004),
was also greatly reduced (Chow et al., 2004). We therefore
examined NK3R and Neto1 immunostaining in Irx5-defi-
cient mice and observed that, in contrast to the Vsx1-null
retina, NK3R (Figs. 8G, H) and Neto1 (Figs. 8I, J,
arrowheads) immunoreactivity was unchanged. This obser-
vation indicates that Irx5 plays a very specific role in the
regulation of gene expression in Type 2 OFF cone bipolar
cells. Furthermore, the presence of NK3R and Neto1
immunostaining in Irx5-null mice indicates that Type 2
OFF cone bipolar cells are properly specified in Irx5-null
mice and suggest that Irx5 functions specifically in the
differentiation of this bipolar cell type.
Distinct Irx5- and Vsx1-dependent genetic pathway regulate
cone bipolar differentiation
Irx5 is expressed in a subset of Vsx1-positive cone bipolar
cells, and Irx5-deficient mice exhibit OFF cone bipolar cell
defects that partially overlap with those observed in Vsx1-
deficient mice. We therefore asked whether the OFF cone
bipolar cell defects in Irx5-deficient mice could result from the
downregulation of Vsx1 in these cells. When compared to wild-
type littermates, the expression of Vsx1 was unchanged in
Irx5-deficient mice (Figs. 9A, D). Furthermore, the proportion
Fig. 8. Irx5 is required for OFF cone bipolar cell development. Confocal microscopy of adult wild-type (A, C, E, G, I) and Irx5- deficient (B, D, F, H, J) mouse
retinal sections labeled with cone bipolar markers. CaB5 (A, B, bracketed region) and PMCA1 (C, D, bracketed region) immunostaining of Type 3 OFF cone bipolar
cell axonal termini in sublamina ‘‘a’’ was absent in Irx5-deficient mice. The CaB5 immunolabeling of Type 5 (A, B, arrow) and rod bipolar cell axonal termini (A, B,
arrowhead) in sublamina ‘‘b’’ was unaffected in Irx5-deficient mice. In contrast to the immunostaining of recoverin in Type 2 OFF cone bipolar cells of the wild-type
retina (E), Irx5 immunostaining was undetectable in the Irx5-null retina with the exception of rare, weakly labeled cells (F, arrow), although normal recoverin
labeling of photoreceptors was observed (F, arrowhead). The expression of NKR3, a Type 1 and Type 2 OFF-cone bipolar marker appeared unchanged in Irx5-
deficient mice (G, H). The bracketed region in G and H indicates NK3R immunostaining of axonal termini. Neto1 immunostaining, which is normally found in the
dendrites of Type 2 OFF cone bipolar cells (I, arrowheads), was also unaffected in Irx5-null mice (J, arrowheads). Abbreviations: INL, inner nuclear layer; a, sub-
lamina a; b, sub-lamina b. Scale bar in panel J = 50 Am for all panels.
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was not altered in Irx5-deficient mice compared to wild-type
(Figs. 9A–F; G, n = 3 wild-type and 3 mutants). These results
indicate that the loss of recoverin OFF cone bipolar cell
expression in Type 2 bipolar cells of the Irx5-null retina is not a
consequence of the loss of Vsx1 expression in these cells.Moreover, these observations suggest that Irx5 regulates OFF
cone bipolar cell development in a pathway that is either
parallel to or downstream of Vsx1.
To further examine the genetic relationship between Irx5
and Vsx1 in cone bipolar cell development, we determined
whether the OFF cone bipolar cell defects in Vsx1-deficient
Fig. 9. Distinct Irx5-dependent and Vsx1-dependent genetic pathways regulate OFF cone bipolar cell development. Vsx1 immunostaining and localization with
NK3R immunostaining was comparable in wild-type mice and in Irx5-deficient retinas (A–F). The arrows in panels A–F indicate an NK3R-positive cell co-labeled
with Vsx1 immunostaining. The proportion of NK3R-positive cells relative to Vsx1-positive cells, was not altered in Irx5-deficient retina (G; cell counts were taken
from three wild-type and three Irx5-deficient mice). In the retina of Vsx1-deficient mice, both Irx5high (arrows in H and K) and Irx5low (arrowheads in H and K) cells
were present. Irx5high immunostaining co-labeled with CaB5 in putative Type 3 OFF cone bipolar cells (H–J, arrow). Rare recoverin-positive cells in the Vsx1-null
retina co-labeled with Irx5low (K–M—large arrowhead). In panels K–M, the arrow indicates an Irx5high labeled cells and the small arrowhead indicates an Irx5low
expressing cell that does not colocalize with recoverin. Scale bar (in L): panels A–F = 35 Am; panels G–L = 20 Am.
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these cells. Irx5-immunolabeling in the Vsx1-deficient retina
was comparable to wild-type littermates (Figs. 9H–M).
Irx5high expression was present in presumptive Type 3
CaB5-positive cells (Figs. 9H–J, arrow). The presence of
Irx5high immunostaining in CaB5 cells in the Vsx1-deficient
mice supports the idea that CaB5 protein expression is not
completely extinguished in the Vsx1 mutants, but that rather,
it is either downregulated or improperly localized in Type 3
OFF cone bipolar cells. Furthermore, Irx5low expression
could be detected in the few weakly labeled, recoverin-
positive Type 2 OFF cone bipolar cells that persist in the
Vsx1-deficient retina, (Figs. 9K–M, large arrowhead). Some
Irx5low-expressing nuclei did not label with recoverin (Figs.
9K–M, small arrowhead) although it is not clear whether
these cells represent Type 2 OFF cone bipolar cells that
have lost recoverin expression, or whether they are Mu¨ller
glial cells. These results demonstrate, however, that the cone
bipolar cell expression of Irx5 does not require Vsx1 and
suggests that at least some of the OFF cone bipolar celldefects in Vsx1-deficient mice occur independent of Irx5
function.
Discussion
In this study, we examined the role of Irx5 during mouse
retinal development. Similar to previous studies (Bosse et al.,
2000; Cohen et al., 2000), we showed that Irx5 RNA
expression can be detected in the retinal ganglion cell layer
at embryonic stages. Irx5 expression was also observed in the
inner nuclear layer of the postnatal retina, appearing sometime
between postnatal day 3 and postnatal day 5 in the outer half of
the inner nuclear layer where bipolar cells reside. Double-
immunolabeling experiments in the mature retina using an
Irx5-specific antibody and various retinal cell type-specific
antibodies revealed Irx5 expression in Mu¨ller glia and a subset
of OFF cone bipolar cells (Type 2; Type 3 and/or Type 5). To
examine the role of Irx5 in retinal development, we generated
Irx5-deficient mice by gene targeting. The absence of recoverin
immunostaining but normal presence of NK3R and Neto1
Fig. 10. Irx5 and Vsx1 have overlapping and non-overlapping expression
patterns and mutant phenotypes in Types 2 and 3 OFF cone bipolar cells. In
Type 2 OFF cone bipolar cells, Vsx1 and Irx5low expression is present (this
study; Chow et al., 2004). In the Vsx1-null mouse, there is reduced expression
of NK3R, Neto1 and recoverin (Chow et al., 2004; Ohtoshi et al., 2004), while
in the Irx5-null mouse, only recoverin immunostaining is reduced (this study)
The arrows indicate either direct or indirect regulation of gene expression by
Irx5 or Vsx1. Irx5high immunostaining is predicted to be expressed in Type 3
OFF cone bipolar cells, given the expression of Irx5high in CaB5-positive cells
and the loss of CaB5 and PMCA1 immunostaining in the axonal termini o
Type 3 cone bipolar cell region in Irx5-null mice (this study). Vsx1 expression
in the wild type retina does not colocalize with CaB5 in OFF bipolar cells
(RLC, RRM, manuscript in preparation). In Vsx1-null mice, there is reduced
CaB5 immunostaining in the Type 3 axonal termini region (Chow et al., 2004)
however, PMCA1 immunostaining in the axonal termini of Type 3 cells is
unaffected indicating that Type 3 cells are specified (Chow et al., 2004).
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in the differentiation of this cell type. The absence of
immunostaining of CaB5 and PMCA1 in the axonal termini
of Type 3 bipolar cells also indicated an essential role for Irx5
in the development of this cell type. Given the lack of
additional Type 3-specific markers, however, it remains unclear
whether the defects observed in this cell type result from a
failure in their specification or differentiation.
Although the retina is a favored system for studying
neurogenesis due to its relatively simple organization and
division into 5 major neuronal cell classes, the retina is
marked by a high degree of cell type diversity (Masland,
2001). At least 10 distinct bipolar cell types have been
observed in the mammalian retina (Ghosh et al., 2004;
Masland, 2001), and essential roles of transcription factors
in the development of some of these cell types have recently
emerged. It is likely that the distinct and overlapping functions
of these and other transcription factors define the transcrip-
tional specificity, which underlies cone bipolar cell diversity.
Essential roles in the post-specification stages of bipolar cell
development have been determined for Bhlhb4 in rod bipolar
cells (Bramblett et al., 2004), and Vsx1 in a subset of cone ON
and OFF bipolar cells (Chow et al., 2004; Ohtoshi et al.,
2004). Furthermore, the expression of both Bhlhb4 and Vsx1
in the retina is first observed postnatally at around day 5 in the
bipolar cell region. We show here, too, that the onset of Irx5
expression in the bipolar cell region of the retina is evident by
P5. The onset of expression of these three genes, comes after
the peak bipolar cell birth at P3 (Young, 1985), and is
consistent with the idea that these transcription factors
function after bipolar cell specification to promote cell
differentiation and maturation. This also raises the possibility
that during the period between bipolar cell specification and
onset of Irx5, Bhlhb4, and Vsx1 expression, post-mitotic
bipolar cell precursors exist in an undifferentiated ‘‘pan’’
bipolar state. Alternatively, since the original cell birth studies
in postnatal mice (Young, 1985) did not discriminate between
the ten different bipolar cell types, it is possible that there is
some level of ordering in the birth of the bipolar cell types.
We are currently performing birth-dating experiments to
address some of these issues.
Given the diversity of retinal bipolar cell types, it was
surprising to observe the similarities in expression patterns and
mutant phenotypes between Irx5 and Vsx1 in Type 2 and Type
3 OFF cone bipolar cells. There are significant differences,
however, in expression pattern and phenotype that distinguish
Irx5 and Vsx1 in these two cells types (summarized in Fig. 10).
While Irx5 immunostaining was clearly observed in either
Type 3 OFF and/or Type 5 ON CaB5-positive cells, and only
weakly in Type 2 cells, Vsx1-immunostaining and h-galacto-
sidase reporter expression labels Types 2, 4, and possibly Type
1 OFF cone bipolar cells as well as Type 7 ON cone bipolar
cells (RLC and RRM, unpublished observations; Chow et al.,
2001, 2004). Notably, we have not observed colocalization of
Vsx1 with Irx5high immunostaining (this study) or with CaB5
bipolar immunostaining (RLC, RRM, manuscript in prepara-
tion) in the wild type retina. This is interesting because the loss.
,
f
,of CaB5 immunostaining in the Type 3 region of the inner
plexiform layer of Vsx1-deficient mouse (Chow et al., 2004)
implies that either Vsx1 plays a non-cell autonomous role in
regulating CaB5 expression in Type 3 bipolar cells or that Vsx1
is expressed below the level of threshold for detection in these
cells.
Regardless of the expression pattern of Vsx1 and Irx5 in
Type 2 and Type 3 bipolar cells, there are clear overlapping and
non-overlapping defects in Vsx1 and Irx5 mutant mice. While
Irx5 and Vsx1 are independently required for the normal
expression of recoverin and CaB5 in Type 2 and Type 3 cone
bipolar cells, respectively, both genes also have distinct non-
overlapping functions. PMCA1 immunolabeling of the axonal
termini of Type 3 OFF cone bipolar cells is reduced in Irx5-
deficient mice (this study), but not in Vsx1-deficient mice
(Chow et al., 2004). Also, the normal expression of NK3R and
Neto1 in Type 2 OFF cone bipolar cells requires Vsx1 (Chow et
al., 2004), but not Irx5 (this study). That neither gene was
essential for the expression of the other indicates that at least
two distinct genetic pathways are involved in the development
of Type 2 and Type 3 bipolar cells. It will therefore be
interesting to examine the phenotype of the Vsx1;Irx5 double
mutants in order to determine the nature of the genetic
interaction between these two genes during bipolar cell
development.
By electroretinography (ERG) and wholemount ganglion
cell recording, Vsx1-deficient mice exhibit electrophysiological
defects in cone-mediated OFF visual signalling consistent with
the molecular defects observed in OFF cone bipolar cells
(Chow et al., 2004; Ohtoshi et al., 2004). In contrast to Vsx1-
deficient mice, preliminary ERG studies did not reveal a
specific electrophysiological defect in Irx5-deficient mice (data
not shown). Although reduced ERG waveforms (up to 40%
reduction in erg amplitude) were observed in Irx5-deficient
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individual ERG components (i.e., a-wave and b-wave) were
proportionally reduced compared to wild-type, suggesting that
there was no obvious defect in bipolar cell activity (data not
shown). The absence of any specific electrophysiological
defect at this point may indicate that the molecular defects in
Irx5-deficient mice are distinct from those observed in mice
lacking Vsx1 and that this may have a different impact on
bipolar function as assessed by ERG. Additional electrophys-
iological approaches could potentially discriminate a defect
that might be too subtle for detection by electroretinography.
Despite the expression of Irx5 throughout the ganglion cell
layer during embryonic and postnatal development (this study;
Bosse et al., 2000; Cohen et al., 2000), ganglion cell formation
as determined by Brn3b, Thy-1, and Isl-1 immunostaining and
cell number was unaffected by the loss of Irx5 gene function.
The expression of all 6 murine Irx genes in developing
ganglion cells (Bosse et al., 2000; Bruneau et al., 2000; Cohen
et al., 2000; Houweling et al., 2001; Mummenhoff et al., 2001),
and the absence of any obvious phenotype affecting ganglion
cell formation in mice deficient for either Irx5, Irx2, or Irx4
raises the possibility that there is some functional compensa-
tion amongst the Irx genes during ganglion cell development. It
has previously been suggested that during cardiac develop-
ment, Irx1, Irx2, and Irx5 may partially compensate for the loss
of either Irx4 (Bruneau et al., 2001) or Irx2 (Lebel et al., 2003).
While Irx4 is not sufficient for ventricular chamber formation,
it has been shown to play an essential, non-redundant role in
the establishment of some components of a ventricle-specific
gene expression program (Bruneau et al., 2001). If there is
functional compensation for the loss of Irx5 by other Irx genes
during early ganglion cell development, it is possible that Irx5
could also be playing a non-redundant role in later stages of
ganglion cell development. A later role for Iroquois genes in
ganglion cell development is supported by observations, in
chick, indicating that cIrx4 regulates the retinal ganglion cell
expression of Slit1, a secreted glycoprotein which functions as
a guidance cue during axonogenesis (Jin et al., 2003).
Although, preliminary experiments have so far indicated that
the axonal projection of ganglion cells is normal in Irx5-
deficient mice (data not shown), additional studies aimed at
examining ganglion cell development in greater detail in
individual Irx mutants or in compound Irx mutants may reveal
distinct roles for Irx genes in ganglion cell development.
Iro/Irx genes have generally been thought to act as
patterning genes that perform ‘‘early’’ functions in neural
development. Irx2-deficient and Irx4-deficient mice, however,
failed to reveal any obvious neuronal phenotype, despite the
expression of these genes during neural development. The
analysis of the retinal phenotype in Irx5 mutant mice
establishes that Irx genes also possess important ‘‘late’’
functions in terminal differentiation of neurons in vertebrates.
Specifically, our results suggest that Irx5 regulates the
expression of some of the genes that define terminally
differentiated OFF cone bipolar cells and demonstrate that
mammalian Irx genes also possess regulatory functions in
neuronal differentiation. Preliminary studies have revealed thatother members of the IrxB cluster, Irx3 and Irx6, are also
expressed in the INL of the retina and in some of the cone
bipolar cells (data not shown). While we have shown here that
Irx5 has a specific, non-redundant role in the development of
Type 2 and Type 3 cone bipolar cells, it will be interesting to
investigate whether Irx3 and Irx6 are involved in the
development of other bipolar cell types.
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